Purpose The built environment consists of a huge amount of infrastructure, such as roads and utilities. The objective of this paper is to assess the life cycle financial and environmental impact of road infrastructure in residential neighbourhoods and to analyse the relative contribution of road infrastructure in the total impact of neighbourhoods. Methods Various road sections are analysed based on an integrated life cycle approach, combining life cycle costing and life cycle assessment. To deal with complexity, a hierarchic assessment structure, using the principles of the Belement method for cost control^, is implemented. Four neighbourhood models with diverse built densities are compared to gain insight in the relative impact of road infrastructure in neighbourhoods. Results and discussion The results reveal important financial and environmental impact differences between the road sections analysed. Main contributors to the life cycle financial and environmental impact are the surface layer and electrical and piped services. The contribution of road infrastructure to the total neighbourhood impact, ranging from 2 to 9 % of the total cost, is relatively limited, compared to buildings, but not negligible in low built density neighbourhoods.
Introduction
Urban sprawl has become a challenge for most developed countries due to its major impact on mobility, energy and land use. Between 1980 and 2000, the built-up area in Europe increased by about 20 % (European Environment Agency 2006) . This expansion is responsible for a huge amount of infrastructure such as roads and utilities. In the same period, the road network in Europe expanded by about 10 % (European Environment Agency 2006). In order to move towards a sustainable built environment, not only the characteristics of individual buildings should be considered but also the relation between urban morphology, built density and the required infrastructure.
During the most recent decades, the environmental impact of road infrastructure has been extensively studied. A review of existing life cycle assessment (LCA) studies of road infrastructure can be found in Carlson (2011) and Santero et al. (2011) . Some of these studies analyse the environmental impact of asphalt pavement (Waterford County Council et al. 2010; Butt 2012) or compare the environmental impact of different pavement types (Stripple 2001; Hoang et al. 2005; Gschösser 2011 ). Other studies focus on the impact of the surface layer on the traffic fuel consumption during the use phase (Araújo et al. 2014) or on maintenance strategies (Giustozzi et al. 2012; Jullien et al. 2014) , while others focus on the influence of methodological choices (Huang et al. 2013) or parameter uncertainty (Noshadravan et al. 2013 ) on decision making.
The results obtained by these studies are often not comparable because different environmental impact categories and/ or life cycle phases are considered (Carlson 2011) . Moreover, due to context-dependent aspects and local construction techniques, the road sections analysed differ in design traffic load, life span and/or composition. Despite the differences observed between the existing studies, some general conclusions can be drawn from them. First, the production of road materials has a high influence on the life cycle environmental impact (Mroueh et al. 2001; Weiland 2008; Gschösser 2011) , with bitumen in asphalt pavement and cement in concrete pavement as main contributors (Häkkinen and Mäkelä 1996; Hoang et al. 2005) . Second, the road maintenance plays a significant role in the life cycle environmental impact (Gschösser 2011; Giustozzi et al. 2012; Jullien et al. 2014 ). According to Jullien et al. (2014) , about 1/3 of the life cycle environmental impact is caused by maintenance operations. Third, several studies revealed that traffic fuel consumption during the use phase causes a considerable environmental impact which is much higher than the impact of the road construction and maintenance (Stripple 2001; Mroueh et al. 2001; Araújo et al. 2014) . For example, Stripple (2001) analysed the share of the energy use due to a traffic intensity of 5000 vehicles per day and concluded that the energy consumption for the construction, maintenance and operation of the road (including the energy consumption for road lighting and traffic control) is between 9.9 and 11.8 % of the energy use due to traffic. As the rolling resistance affect the vehicle fuel consumption, several studies hence recommend to include the influence of the road surface characteristics on the traffic fuel consumption in the analysis (Santero et al. 2010; Carlson 2011) . Finally, preferences between various pavement types are influenced by the environmental impact indicators considered (Häkkinen and Mäkelä 1996; Weiland 2008; Gschösser 2011) . A comparison of asphalt and concrete pavement by Weiland (2008) , for instance, revealed that concrete pavement contributes more to global warming potential and human health impacts, while asphalt pavement causes a higher impact on acidification, eutrophication and photochemical smog.
In addition to the assessment of the environmental impact, life cycle costing (LCC) is increasingly used in the transport sector. In the USA, the Federal Highway Administration provided a technical bulletin to conduct LCC (Walls and Smith 1998) and developed a specific software BRealCost^to support the evaluation of the financial impact of road infrastructure (FHWA 2011) . A state-of-the-practice concerning the use of LCC in the USA, Europe and Canada can be found in Rangaraju et al. (2008) . Existing LCC studies of roads focus on the comparison of different pavement types (Gschösser 2011; Holt et al. 2011; Scheving 2011) or on the analysis of pavement preventive maintenance (Giustozzi et al. 2012; Ding et al. 2013) . From these studies, the following can be concluded. First, preferences between different pavement types depend on the traffic intensity. Compared to asphalt pavement, concrete pavement is more expensive but becomes more competitive for a higher traffic intensity. The reasons are lower maintenance frequencies for concrete and a limited increase in concrete thickness for a higher traffic intensity (Holt et al. 2011; Scheving 2011) . Second, the maintenance strategy has a major influence on the life cycle financial cost. Gschösser (2011) reported reduction potentials of 15 % for asphalt pavement to 23 % for concrete pavements by optimizing maintenance strategies.
Only a limited number of studies consider the financial and environmental impact jointly, such as Gschösser (2011) and Giustozzi et al. (2012) , and no detailed impact assessment of road infrastructure in residential neighbourhoods is known by the authors.
This paper aims at contributing to the field by assessing the life cycle financial cost and environmental impact of road infrastructure in residential neighbourhoods and to contextualize this in the total cost and impact of these neighbourhoods. This paper is based on previous research (Trigaux et al. 2014; Wijnants 2014) on the environmental impact of road infrastructure, which is integrated and further extended by adding an assessment of the life cycle financial cost.
The methodology is described in Section 2 and illustrated in Section 3 by assessing various sections for local roads and bicycle paths. To analyse the contribution of the road infrastructure in the total impact of the neighbourhood, four neighbourhood models with diverse built densities are assessed. Conclusions and recommendations are formulated in Section 4.
Methods

Integrated life cycle approach
The assessment of the life cycle financial and environmental impact of road infrastructure is based on the sustainability evaluation method for buildings developed in a previous research project, BSustainability, Financial and Quality Evaluation of Dwelling Types^(SuFiQuaD) (Allacker 2010; Allacker et al. 2013b) . This method follows an integrated life cycle approach combining LCC and LCA. The entire life cycle of the building is considered, including the initial stage, use stage and end-of-life (EOL) stage. The SuFiQuaD method was developed to assess and optimise the financial and environmental impact of a number of dwelling types representative for the Belgian context. In this paper, the SuFiQuaD method is extended to the neighbourhood level by including the financial and environmental impact of road infrastructure in residential neighbourhoods.
Life cycle costing
The financial costs during the various life cycle stages are considered within the LCC approach. These include the investment cost (i.e. material, labour and indirect costs for initial construction), cleaning, maintenance, replacement and energy costs during the use phase and costs for demolition and waste treatment during the EOL stage. In the SuFiQuaD project, the financial data for the building components are mainly based on the Belgian cost database ASPEN (ASPEN 2008a; ASPEN 2008b) , combined with product specific data. As a Belgian cost database for neighbourhood infrastructure is lacking, the British Spon's Price Books BExternal works and landscape price book^(Spon press 2015a) and BCivil engineering and highway works price book^(Spon press 2015b) are used for price data related to external works and road infrastructure. The life cycle financial cost is calculated as the sum of the present values (for the reference year 2015) of all costs occurring during the life cycle of the road infrastructure. The economic parameters-in real terms-are based on Belgian statistical data and are summarized in Table 1 .
Life cycle assessment
The environmental impact assessment method used in SuFiQuaD was recently updated within the MMG (BEnvironmental profile of building elements^) project, commissioned by the Public Waste Agency of Flanders (Allacker et al. 2013a) , in order to be in line with recent developments in Europe (CEN 2011; EC-JRC 2011; CEN 2013) .
Concerning the included life cycle processes, the initial stage covers the production of building materials (including raw material extraction and transport to the production site), transport to the construction site and construction activities. The use stage includes processes related to cleaning, maintenance, replacement of components and energy use. Finally, the EOL stage covers the demolition activities, waste transport and waste treatment.
Regarding the selected environmental indicators, the impact categories in the MMG method (see Table 2 ) include the ones defined by the CEN TC350 standards (CEN 2011; CEN 2013) , which are further referred to as CEN indicators. In addition, seven more impact categories are considered based on the International Reference Life Cycle Data System (ILCD) Handbook (EC-JRC 2011) and consultation of Belgian policy makers and administrations. The additional impact categories are further referred to as CEN+ indicators.
The MMG method includes-besides the characterized scores per impact category-an aggregated single score indicator, expressed in a monetary value (Euro), indicating the external environmental cost. This external environmental cost is calculated by multiplying the characterised environmental impact indicators with their specific monetary value and adding these up to obtain the overall environmental cost (single score). An overview of the monetary values for each impact category, including a median, minimum and maximum scenario, is given in Electronic Supplementary Material, Tables S.1 and S.2. In this paper, the median monetary values are used but sensitivity analyses are done, based on the minimum and maximum scenarios. Compared to other weighting methods, the advantage of expressing environmental impacts in monetary values is the possibility to internalize environmental externalities by calculating the sum of the financial and environmental costs, further referred to as total cost. Similar to the financial cost calculation, discounting of future environmental cost is applied, based on a real social discount rate of 1 % (see Table 1 ). In literature, the use of a social discount rate, lower than the private discount rate, is generally assumed for cost in connection with collective decisions (Allacker 2010) .
The Ecoinvent database (version 2.2) is used for the life cycle inventory (LCI) (Frischknecht et al. 2007) . Preference is given to Western European processes to ensure the representativeness for the Belgian context. When generic Western European processes are lacking, Swiss data records are adapted by replacing the Swiss electricity mix and transport processes by European corresponding processes, assuming that construction products on the Belgian market are imported from several EU Member States (Allacker et al. 2013a ). For specific materials, such as road asphalt, concrete and paint, new records were defined by modifying the quantities and/or underlying processes in existing similar records.
Element method for cost control
The structure of the SuFiQuaD method is based on the element method for cost control (Allacker 2010) . The financial and environmental impact calculations are structured according to a hierarchical subdivision of the building into functional elements, such as external walls, external finishing of external walls and support for external finishing of external walls. For all those elements, defined by their function, different technical solutions are possible, each using one or more building materials. In consequence, an analysis can be made at various scale levels: building materials (e.g. brick, mortar, plaster), work sections (e.g. brickwork, plasterwork), building elements (e.g. external wall including finishes) and buildings. In previous research (Trigaux et al. 2014) , this approach was extended to evaluate neighbourhoods, which are defined as a combination of buildings, networks (e.g. roads, utilities) and open spaces (Fig. 1 ).
The implementation of the element method is based on the BB/SfB-plus classification (De Troyer 2008) , which is an extension of the Belgian version (De Troyer et al. 1990 ) of the international CI/SfB classification system (Ray-Jones and Clegg 1978). Constructions outside the building, such as road infrastructure or utilities, are classified in B(9-) External works (  Fig. 2) . In this research, the functional elements B(94) Ground surface treatments^, B(95) Piped services^and B(96) Electrical services^are used to evaluate the impact of road infrastructure and the adjacent piped and electrical services.
Case studies
Description of the road infrastructure
Various sections of a two-lane road for local traffic are considered in the analysis. The variants are representative for Belgium, and their composition is summarized in Fig. 3 and Table 3 . The roads considered are 5 m wide and are composed of a geotextile, a sub-base, a base and a surface layer. Piped services, including drinking water, gas and sewer pipes and electrical services, including road lighting, electric and data cables are considered as well. Five variants for the surface layer are compared, i.e. asphalt, concrete, reused cobblestone, concrete paving stones and water-permeable concrete stones (roads 1 to 5). Three alternatives for the type of base and subbase and the sewer system are analysed (roads 6 to 8). For the base and sub-base, the use of crushed gravel instead of rubble is considered. For the sewer system, the concrete storm sewer pipe and vitrified clay sanitary sewer pipe are replaced by polyvinylchloride (PVC) pipes or lightweight ribbed polypropylene (PP) pipes. A detailed overview of the road sections can be found in the Electronic Supplementary Material, Table S Table S .4). Five variants for the surface layer are compared, i.e. asphalt, concrete, concrete paving stones, water-permeable concrete stones and concrete tiles (bicycle paths 1 to 5). As red coloured bicycle paths are often used by municipalities for security reasons, four alternative colouring systems are analysed: red road paint, red cold plastic coating, red pigmented concrete and red pigmented concrete paving stones (bicycle paths 6 to 9). 
Description of the neighbourhood models
To gain insight in the relative impact of road infrastructure in neighbourhoods, four neighbourhood models composed of representative Belgian dwelling types are defined. These consist of respectively detached houses (model 1), semi-detached houses (model 2), terraced houses (model 3) and apartments (model 4) ( Table S .5). Only the space-delimiting elements (i.e. floors, walls, roofs, stairs, windows and doors) are considered. The technical systems (e.g. heating, ventilation and water supply) are not included in the analysis. For each dwelling, the impact of the energy use for heating due to transmission losses is estimated based on the equivalent degree day method (Allacker 2010) . Infiltration and ventilation losses are not included since they are not depending on the materials used but rather on the construction quality and the ventilation system and settings. Concerning the road infrastructure, one variant of the analysed roads, bicycle paths and footpaths was selected for the analysis at the neighbourhood level. In the different models, the road infrastructure consists of an asphalt road (including piped and electrical services) with a bicycle path and footpath in concrete paving stones on both sides.
Functional unit and system boundaries
This paper includes two types of analyses. First, an analysis is carried out at the level of the road infrastructure. The life cycle impact of various sections for local roads and bicycle paths is assessed, including the impact of the adjacent services and energy use for road lighting. Furthermore, for the road sections with a concrete and cobblestone surface layer, an additional assessment, including the impact of car traffic during the use stage, is done to identify the influence of the road surface layer on the fuel energy consumption. Second, an analysis is carried out at the neighbourhood level, looking at the life cycle impact of buildings (including the impact of energy use for heating), together with the required road infrastructure (including the impact of adjacent services and energy use for road lighting). In this analysis, the impact of car traffic was not taken into account as it would require a more detailed study of the transport movements in the analysed neighbourhood models, which was out of the scope of this research.
Concerning the analysis at the level of the road infrastructure, the impact is expressed per metre road of the entire road section (including one or more lanes). This allows to compare a wide range of infrastructure components, such as roads, bicycle paths and footpaths. To compare the alternatives in a meaningful way, a number of design parameters are defined, such as the required road width and design load. Although the road composition influences various quality aspects such as the driving comfort, noise generation, rolling resistance and safety, this research does not include an in-depth evaluation of those performances.
The assumptions regarding the life span for road infrastructure vary among the studies reviewed. Stripple (2001) uses a life span of 40 or 60 years. Gschösser (2011) makes an analysis based on 25, 50 and 75 years. In this research, a life span of 60 years is assumed for Belgian local roads, corresponding to the average technical life span of sewer pipes (Egyed et al. 2008; Oosterom and Hermans 2013) , as the replacement of sewer pipes often results in a complete reconstruction of the road. For the road components that have not reached their technical life span after 60 years, no residual value is considered in the calculations as the whole infrastructure is assumed to be demolished.
Concerning the analysis at the neighbourhood level, the impact is analysed per square metre of floor area of the buildings, allowing to compare different neighbourhood layouts and typologies. A life span of 60 years is assumed, which corresponds to the average life span of dwellings in Belgium (Allacker 2010).
Life cycle scenarios
Scenarios have been defined concerning the transport of building materials, cleaning, maintenance and replacement processes, energy use and EOL. The scenarios related to building elements are described in the publications of the SuFiQuaD and MMG projects (Allacker 2010; Allacker et al. 2013a; Allacker et al. 2013b) . In this paper, the scenarios and assumptions, which are specific for the road infrastructure, are summarised. Concerning the environmental impact assessment, the impact of road construction equipment, such as asphalt and concrete paving machines, is calculated based on inventory data reported in Gschösser (2011) . Regarding the use stage, the cleaning of roads and sewers is not considered, in contrary to the cleaning of buildings, because financial and environmental data are lacking. Scenarios for maintenance and replacements of road components are based on publications from the road construction sector and existing LCA studies (Wijnants 2014). As the focus of this paper is on local roads, relatively low replacement frequencies are assumed for the surface layers, i.e. 30 years for asphalt and 40 years for concrete, concrete tiles and concrete paving stones. For the cobblestone pavement, no replacement is considered during the road life span but a relay of the stones every 20 years is assumed. It should however be noticed that for asphalt top layers, higher replacement frequencies of 12 to 20 years are found in the literature for roads with a more intensive traffic load (Gschösser 2011) . The results of the comparison between different road surface layers are therefore only applicable for low traffic roads and should not be interpreted in general terms. An overview of the maintenance and replacement scenarios is given in Table 4 . The same scenarios are used for the roads and bicycle paths, as the analysed bicycle paths are not physically separated from car traffic. Concerning road lighting, the energy consumption is calculated assuming energy efficient lighting lanterns of 70 W, placed every 20 m on one side of the road, and with an average lighting period of 12 h per day.
Results
Assessment of the road infrastructure
The LCA and LCC results for the local roads and bicycle paths are discussed in the subsequent paragraphs. In order to show the relative importance of car traffic during the use stage in the global environmental impact, this aspect is analysed in a separated paragraph. As mentioned above, the results are only applicable to local roads with a low traffic load, as the replacement frequencies for surface layers are highly dependent on the traffic intensity. The results should therefore not be interpreted in general terms.
LCA and LCC of roads
The life cycle environmental cost of the analysed road sections is shown in Fig. 5 . The results are subdivided per life cycle phase (i.e. from the production to the EOL) and expressed in Euro per metre road (present value over a life span of 60 years). The analysis of the first road section (i.e. a bituminous asphalt road) reveals that the production phase contributes most to the environmental profile and represents 47 % of the life cycle environmental cost of the road. Besides the production, the energy use for road lighting causes a significant environmental impact with a contribution of 15 % to the life cycle impact. This is much higher than the impact of the lighting lanterns and columns, which represent only 2 % of the life cycle impact (Fig. 6) . The transport to the construction site and replacement of the work sections contribute to about 10 % of the environmental cost. Concerning the replacement of work sections, the environmental impact is mainly due to the replacement of the surface layer every 30 years. The latter emphasizes the importance of the replacement strategies for the surface layers. Finally, the construction, maintenance, waste transport and waste treatment have a negligible impact, with a contribution of less than 5 % to the life cycle environmental cost.
The analysis of the different work sections (Fig. 6 ) reveals that the asphalt layers of the first road section (road 1) contribute 21 % to the life cycle environmental cost. Furthermore, the environmental cost of the electric and data cables is remarkably high (i.e. 28 % of the life cycle environmental cost) due to the high environmental cost of copper, used in electric cables. This high environmental cost results mainly from the impact categories freshwater eutrophication, human toxicity, particulate matter formation and abiotic depletion of non-fossil fuels. Compared with the surface layers, the base and sub-base have a low environmental impact as there is no maintenance or replacement of these during the life span of the road.
When comparing asphalt with four alternative surface layers (Figs. 5 and 6), the cobblestone surface layer causes the lowest environmental cost, i.e. a reduction of 71 % compared to the asphalt surface layer, mainly due to the use of reclaimed cobblestones. Compared to asphalt, the concrete surface layer has a 5 % higher environmental impact due to a higher environmental cost for production. Despite a higher environmental cost for production, surface layers in concrete paving stones and permeable concrete paving stones cause respectively a 10 and 14 % lower environmental impact, compared to asphalt, which can be explained by the lower environmental cost for the replacement of these. However, for the permeable concrete stones, the lower impact of the surface layer is largely compensated by an increase in the impact of the road base, consisting of porous lean concrete instead of cement-bonded crushed rubble. Finally, alternatives for the type of base and sub-base and the sewerage system are analysed (road 6-road 8). Using gravel instead of rubble for the base and sub-base leads to a small increase of 3 % in the environmental cost of those work sections. This is because the environmental cost of gravel mainly results from the crushing process which is also required for the production of rubble. Replacing the concrete storm sewer pipe and vitrified clay sanitary sewer pipe by PVC pipes does not influence the environmental impact. Replacing these by lightweight ribbed PP pipes results in a reduction of 10 % of the environmental cost of the sewer pipes, due to a lower impact for production (Fig. 5) .
As the analysed road sections only differ in the composition of a few work sections, differences in total environmental cost, compared to the asphalt road, are limited to maximum 2 %, except for the cobblestone road (road 3) which impact is 14 % lower.
The life cycle environmental cost per impact category for the asphalt road and the eight variants is shown respectively in Fig. 7 and in the Electronic Supplementary Material, Fig. S.6 . Nine of the sixteen impact categories considered have a negligible impact: ozone depletion, terrestrial acidification, ionising radiation -human health, terrestrial ecotoxicity, freshwater ecotoxicity, land occupation -forest, urban land occupation and transformation of tropical rain forest. Remarkable is the relatively low impact on climate change, marine eutrophication, photochemical oxidant formation and particulate matter formation of the road section with reclaimed cobblestones compared to the other road sections. Regarding freshwater eutrophication, abiotic depletion of non-fossil fuels and human toxicity, the impact is similar for all the road sections analysed because these impact categories are dominated by the contribution of electric and data cables, which are identical in all variants. When comparing the concrete road with the asphalt road, the impact of climate change and particulate matter formation is respectively 16 and 6 % higher for the concrete road, while the impact of marine eutrophication and photochemical oxidant formation is respectively 19 and 13 % lower for the concrete road.
As sensitivity analyses, the LCA results are calculated based on the monetary values defined in the minimum and maximum scenarios (Electronic Supplementary Material, Figs. S.7 and S.8). Compared to the median scenario, the life cycle environmental cost of the road sections is about 75 % lower for the minimum scenario and about 410 % higher for the maximum scenario. However, the chosen scenario has no influence on the preferences between the road sections and the abovementioned conclusions. For reasons of transparency, the characterized (not weighted) results of the environmental impact assessment are reported in Electronic Supplementary Material, Table S.6.
Beside the analysis of the environmental impact, the life cycle financial cost of the road sections is calculated. The results are shown in Figs. 8 and 9 . Similar conclusions as for the environmental cost can be drawn for the asphalt road (road 1): the investment cost is the highest (60 % of the life cycle financial cost) followed by the replacement cost of sub-elements (21 % of the life cycle financial cost). The maintenance and waste treatment have a negligible impact, with a contribution of less than 5 % to the life cycle financial cost. In contrast to the environmental cost, the financial cost of energy use for lighting is relatively limited, i.e. 7 % of the life cycle financial cost. When Fig. 6 Life cycle environmental cost (median scenario) of the road sections analysed, subdivided per work section looking at the work sections, the asphalt layers and the electric and data cables contribute most to the financial cost, with respectively 22 and 18 % of the life cycle cost.
The comparison of the life cycle financial cost of the different surface layers (road 1-road 5) shows a quite different picture than for the environmental cost. The cobblestone surface layer has the highest financial cost, 210 % higher compared to the asphalt surface layer. This is due to the high market price of reclaimed cobblestone and the high labour cost for laying these. Compared to asphalt, the concrete surface layer has a 7 % lower life cycle financial cost but this reduction is compensated by the higher demolition cost of concrete roads. The surface layers in non-permeable and permeable concrete paving stones are respectively 30 and 14 % less expensive than the asphalt surface layer, due to a lower maintenance and replacement cost. However, for the permeable concrete stones, the lower financial cost of the surface layer is compensated by an increase in the cost of the road base, consisting of porous lean concrete instead of cement bonded crushed rubble.
The analysis of the alternatives for the type of base, subbase and sewerage system (road 6-road 8) reveals that using a gravel base and sub-base results in an increase of 28 % of the financial cost of those work sections. Another type of sewerage (PVC or PP pipes) leads to a small change in the financial cost of the sewer pipes, of respectively +4 and −5 %.
As for the environmental cost, differences in total financial cost between the analysed road sections are quite small, i.e. about 1 %, compared to the asphalt road. Only the cobblestone road and the road in non-permeable concrete paving stones show bigger differences with financial cost of respectively +25 and −7 %, compared to the asphalt variant. Table S .7. Large differences in environmental cost are found between the bicycle paths analysed (Fig. S.10 ). When considering uncoloured bicycle paths (bicycle path 1-bicycle path 5), the asphalt bicycle path causes the highest life cycle environmental impact due to a higher replacement frequency. Bicycle paths consisting of concrete, concrete paving stones and concrete tiles cause an environmental cost which is respectively 11, 7 and 35 % lower than the environmental cost of an asphalt bicycle path, while permeable concrete paving stones have a similar environmental cost. The analysis of the red coloured bicycle paths (bicycle path 6-bicycle path 9) reveals that using red pigments in concrete and concrete paving stones results in a negligible increase in environmental cost of approximately 1 %. Road marking has a major impact as the results show a 44 % higher environmental cost for a bicycle path with red road paint and an increase of 192 % when using red cold plastic coating, compared to an uncoloured asphalt bicycle path. Despite the higher replacement frequency of road paint (1 versus 3 years), the environmental impact of a bicycle path with a cold plastic coating is 103 % higher than for a bicycle path with road paint, due to a larger dosage (3.35 versus 0.7 kg/m 2 ) and the production impact of the polymethyl methacrylate binder used in cold plastic coating.
The results of the financial assessment are slightly different (Electronic Supplementary Material, Fig. S.11 ). The bicycle paths of asphalt and a surface layer in permeable concrete stones have a similar financial cost. The other bicycle paths consisting of concrete result in a lower life cycle financial cost, ranging from a reduction of 6 to 21 % compared to asphalt. The bicycle paths with road marking have a higher financial cost (i.e. up to 186 % higher compared to the uncoloured paths) due to the high frequency of repainting and recoating.
LCA of roads including car traffic
As mentioned in the introduction, the environmental impact of traffic during the use phase can be much higher than the environmental impact of the road. Different studies focused on the effect of pavement properties on rolling resistance which influences the vehicle fuel consumption (Willis et al. 2014) . In this paper, an estimation of the impact of the surface layer on the fuel consumption is made for the concrete and cobblestone road (Fig. 10) . Descornet (1990) pointed out that for a surface layer in cobblestones, an increase in fuel consumption of 9 %, compared to concrete, is possible. This estimation is used in our analysis. Two scenarios for the traffic load are analysed: the first scenario considers a low traffic load of 100 vehicles per day and the second scenario considers a more intensive traffic load of 1000 vehicles per day. Although a higher traffic load could increase the damage to the road surface layers, the same maintenance and replacement scenarios, as defined in Table 4 , are assumed, due to a lack of information in the literature. To evaluate the impact of traffic, an average passenger car is selected from the Ecoinvent database. In this record, the processes related to the vehicle operation are Fig. 9 Life cycle financial cost of the road sections analysed, subdivided per work section adapted to account for an increase of 9 % in fuel consumption. Furthermore, the processes related to the road infrastructure, included in the environmental load per person-kilometre in the Ecoinvent inventory records, are excluded to avoid double counting. In the scenario of 100 vehicles per day, the impact of car traffic is about 1/4 and 1/3 of the life cycle environmental impact of the concrete and cobblestone road, respectively. In the scenario of 1000 vehicles per day, the impact of car traffic is respectively 2.5 and 3 times bigger. When including the impact of car traffic in the life cycle impact of the road sections, the cobblestone road has an 11 % lower environmental impact in the first scenario but a similar environmental impact to the concrete road in the second scenario. This confirms the importance of considering the impact of car traffic when comparing road sections with different surface layers.
Assessment of the neighbourhood models
The life cycle financial and environmental costs of the four neighbourhood models, over 60 years and expressed in Euro per square metre floor area, are shown in Fig. 11 . A large variation between the different models is noticed: the total life cycle cost of the model with terraced houses is about 27 % lower than of the model with detached houses. Compared to the model with terraced houses, the model consisting of apartments has a slightly higher total cost due to the impact of collective spaces, such as stairs and technical rooms, which is allocated to the different dwellings. The contribution of the road infrastructure to the total Fig. 10 Life cycle environmental cost (median scenario) of a concrete and cobblestone road, including the impact of car traffic for a traffic load of 100 and 1000 vehicles per day Fig. 11 Life cycle environmental (LE) and financial cost (LF) of the neighbourhood models analysed, subdivided in building and infrastructure cost life cycle financial cost depends on the neighbourhood density, from 2 % in the model with apartments to 8 % in the model with detached houses. The results of the life cycle environmental cost show the same trends, although the contribution of the road infrastructure to the life cycle environmental cost is much higher, from 5 % in the model with apartments to 21 % in the model with detached houses.
Conclusions and recommendations
In this paper, the financial and environmental impacts of road infrastructure in neighbourhoods are assessed, based on an integrated life cycle approach, combining LCC and LCA. The hierarchical structure of the element method for cost control is applied, enabling an analysis at various scale levels, i.e. from building materials, work sections, building elements, buildings to neighbourhoods.
The methodology is illustrated by analysing various sections for local roads. The environmental impact assessment shows the importance of the production phase, which contributes to about 50 % of the life cycle environmental cost. The high influence of the production phase was also concluded in Mroueh et al. (2001) , Weiland (2008) and Gschösser (2011) . Other main contributors are the energy use for road lighting, replacement of work sections and transport to the site. Among the work sections, the surface layer causes a high impact, with a contribution in most road sections of about 20 % of the life cycle environmental cost. Therefore, the selection of environmental friendly surfacing materials and the optimisation of their maintenance and replacement scenarios are important parameters to reduce the environmental impact of road infrastructure. The significant role of the maintenance and replacement processes was also pointed out in Gschösser (2011), Giustozzi et al. (2012) and Jullien et al. (2014) . Moreover, all piped and electrical services contribute to about 50-60 % of the life cycle environmental cost, mainly due to the high impact of electric cables. The analysis of the environmental impact of neighbourhood infrastructure should therefore include those work sections. As mentioned in the literature (Häkkinen and Mäkelä 1996; Weiland 2008; Gschösser 2011) , preferences between the pavement types analysed are influenced by the environmental impact indicators considered. Therefore, the use of an aggregated indicator, such as the environmental cost, is recommended to support decision taking. The same recommendation concerning the use of weighting instead of single impact indicators was formulated by Kägi et al. (2016) .
Similar conclusions can be drawn for the financial cost. The investment is the main contributor, i.e. about 60-65 % of the life cycle financial costs, and is followed by the replacement of work sections. Among the work sections, the surface layer causes a high cost, i.e. about 15-35 % of the life cycle financial cost. The piped and electrical services jointly contribute to about 45-60 % of the life cycle financial cost. Despite these similarities, it is identified that preferences between the road sections based on the financial cost differ importantly from those based on the environmental cost. For example, the road with reclaimed cobblestone pavement has the highest financial cost but the lowest environmental impact.
As concluded in Descornet (1990) , Stripple (2001) and Mroueh et al. (2001) , the analysis of the environmental impact of car traffic during the use phase shows the significant contribution of this process, varying from about 1/4 of the impact of the road for a traffic load of 100 vehicles per day to about 3 times the impact of the road for a traffic load of 1000 vehicles per day. For more intensive traffic loads, the impact of the pavement rolling resistance on the traffic fuel consumption should be considered when comparing road sections with different surface layers. This is in line with the recommendations formulated by Santero et al. (2010) and Carlson (2011) .
The comparison of four neighbourhood models highlights the importance of the neighbourhood layout and built density with differences in total cost per square metre floor of more than 25 % between the models analysed. The contribution of the road infrastructure to the total (i.e. sum of the environmental and financial) life cycle cost is relatively limited compared to the buildings. However, the road infrastructure can contribute up to about 20 % to the life cycle environmental cost and up to about 8 % to the life cycle financial cost in low built density neighbourhoods. Based on this analysis, it can be concluded that spatial planning significantly influences the financial and environmental impact of neighbourhoods. The design of denser neighbourhood layouts can be one of the key parameters to reduce the amount of required infrastructure and to improve the sustainability of the built environment.
